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57 ABSTRACT 

A method for producing iron carbide by bringing iron ore 
into contact with a reducing gas containing hydrogen and a 
carbon compound at a specified reaction temperature to 
reduce and carburize the iron ore with the participation of a 
sulfur component, the method includes measuring the reac 
tion temperature, partial pressure P(H2) of the hydrogen and 
partial pressure PCHS) of hydrogen sulfide contained in the 
reducing gas, calculating sulfur activity as in the reducing 
gas from equation (1) shown below, and adjusting the partial 
pressure P(HS) of the hydrogen sulfide in the reducing gas 
to obtain as-1.0 to 2.0. at reaction temperatures of 550° C. 
and above but less than 650° C., as-0.7 to 2.0 at 650 C., and 
as=0.05 to 1.0 at over 650° C. and up to 950° C.: 

where (P(H.S)/P(H,)) represents the ratio between the par 
tial pressures of HS and H in the reducing gas and 
(P(HS)p(H))s is the ratio between the partial pressures of 
HS and Hin a condition where the reaction of equation (2) 
below is in equilibrium: 

where (s) and (g) represent solid and gaseous phases, 
respectively. 

2 Claims, 2 Drawing Sheets 
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METHOD OF PRODUCING RON CARBDE 

BACKGROUND OF THE INVENTTON 

This invention relates to a direct iron making technology 
which utilizes a shaft furnace or a fluidized bed furnace, 
more particularly, to a method for producing iron carbide 
(FeC. x/y=2 to 3) from iron ore efficiently. 

Iron carbide has been attracting considerable attention in 
recent years as a new, high-quality crude material capable of 
realizing a new generation of energy-saving iron making 
technology which produces a smaller amount of carbon 
dioxide gas. There have been known some methods for 
producing iron carbide. These include a Stelling method 
disclosed in U.S. Pat No. 2,780,537 in which pulverized 
iron ore is brought into contact with gas containing carbon 
monoxide (CO) at a temperature between 400° C. and 900 
C., and an iron carbide method disclosed in U.S. Pat. No. 
4,053,301 in which iron ore is reduced by H. gas at a 
temperature between 595 C. and 705 C. on a fluidized bed 
and carburized by a carbon-containing substance at the same 
time. 

In high-temperature fluidized bed operation, metallic iron 
produced in a furnace is liable to exhibit the sticking 
phenomenon, making it difficult to ensure stable operation. 
An undesirable phenomenon that is liable to occur in pro 
ducing sponge iron or iron carbide is clogging of pipes by 
free carbon, or soot, caused by precipitation from CO and 
CH contents of a reducing gas. Another undesirable phe 
nomenon is brittle fracture of a reactor vessel, for example, 
due to carburizing treatment. To overcome these problems, 
iron producers limit their treatment temperatures into the 
lower ranges or operate their furnaces in such a condition 
that the density of carburizing gases such as CO and CH is 
slightly higher than a density at which equilibrium is 
attained in an Fe/FeC mixture. 

Japanese Examined Patent Publication No. 6-37658 dis 
closes a method for preventing the sticking phenomenon in 
iron ore reducing operation on a fluidized bed by causing the 
surface of produced metallic iron to chemically adsorb or 
combine with sulfur. However, this document does not 
disclose production of iron carbide. 

Also, Japanese Examined Patent Publication No. 
44-14462 discloses a method for suppressing conversion of 
CO to free carbon and to carbon that reacts with iron in a 
process of sponge iron production. In this method, 
specifically, 1 to 1000 ppm by volume of sulfur compounds 
is added to the reducing gas within a temperature range of 
426 C. to 816° C. 

However, manufacturing productivity of the aforemen 
tioned iron carbide producing methods is extremely low. 
This is because iron carbide is produced at relatively low 
treatment temperatures and with a carburizing gas compo 
sition very close to the state of Fe/FeC equilibrium, result 
ing in a slow reaction speed. 

Furthermore, there is very limited knowledge of how 
sulfur compounds contained in a reacting gas affect iron 
carbide production. 

SUMMARY OF THE INVENTION 
It is an object of the presentinvention to provide a method 

for producing iron carbide which has overcome the prob 
lems residing in the prior art. 

It is another object of the present invention to provide a 
method for producing iron carbide which can produce iron 
carbide more efficiently by suppressing precipitation of free 
carbon (soot) and decomposition of iron carbide. 
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2 
The present invention is directed to a method for produc 

ing iron carbide by bringing iron ore into contact with a 
reducing gas containing hydrogen and a carbon compound at 
a specified reaction temperature to reduce and carburize the 
iron ore; and the activity as of sulfur contained in the 
reducing gas being controlled in accordance with a reaction 
temperature to cause iron carbide to adsorb sulfur on a 
surface of the iron carbide. 
The sulfur activity as may be preferably controlled by 

measuring a partial pressure P(H) of hydrogen and a partial 
pressure P(HS) of hydrogen sulfide contained in the reduc 
ing gas; calculating sulfur activity a in the reducing gas 
from equation (1), 

where (PCHS)/P(H)) represents the ratio between the par 
tial pressures of H2S and H2 in the reducing gas and 
(PCHS)/P(H))E is the ratio between the partial pressures of 
H2S and Hin a condition where the reaction of equation (2) 
below is in equilibrium, 

FeSOs)-H(g)-Fe(s)+HS(g) (2) 

where (s) and (g) represent solid and gaseous phases, 
respectively; and adjusting the partial pressure P(HS) of the 
hydrogen sulfide in the reducing gas. 

It may be preferable to set the sulfur activity as: at 1.0 to 
2.0 at reaction temperatures of 550° C. and above but less 
than 650 C.; at 0.7 to 2.0 at 650° C.; at 0.05 to 1.0 at over 
650° C. and up to 950° C. 

In these methods, the sulfur activity as is controlled in 
accordance with a reaction temperature to cause iron carbide 
to adsorb sulfur on a surface of the produced iron carbide. 
Accordingly, it is possible to suppress precipitation of free 
carbon and decomposition of iron carbide, thus realizing 
stable production of iron carbide and improvement in manu 
facturing productivity even in conditions of higher tempera 
tures and higher partial pressures of CO and CH than in the 
conventional methods. 
The sulfur activity as is controlled by measuring a partial 

pressure P(H) of hydrogen and a partial pressure P(HS) of 
hydrogen sulfide contained in the reducing gas, calculating 
sulfur activity as in the reducing gas, and adjusting the 
partial pressure P(HS) of the hydrogen sulfide in the 
reducing gas. This will provide more reliable control of 
sulfur activity a 

Other objects, features and advantages of the invention 
will be understood upon reading the detailed description of 
the invention to follow in conjunction with the accompany 
ing drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram showing preferable and optimum 
areas obtained when an iron ore is reacted with a CH 
H-HS gas mixture at different levels of sulfur activity; 
and 

FIG. 2 is a diagram showing preferable and optimum 
areas obtained when an iron ore is reacted with a CO-H- 
HS gas mixture at different levels of sulfur activity. 

DETALED DESCRIPTION OF THE 
INVENTON 

The present invention is based on the inventor's discovery 
that it is possible to suppress precipitation of free carbon 
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without hindering iron carbide production and to prevent 
decomposition of the produced iron carbide by adjusting the 
activity as of sulfur contained in a reducing gas that contains 
hydrogen and a carbon compound and by causing the iron 
carbide to adsorb sulfur on its surface. Described below is 
how the production of iron carbide is accelerated by hydro 
gen sulfide and how numerical limits of sulfur activity a? of 
the present invention were determined based on the results 
of experiments using boats. 

According to the invention, hydrocarbon gas (e.g., CH 
H) which is a main component of natural gas or syntheti 
cally generated gas (e.g., CO-H2) is used in producing iron 
carbide as a reducing gas which basically contains hydrogen 
and a carbon compound. Used as a raw iron source is such 
iron ore ashematite, magnetite or limonite, for instance. Iron 
oxide contained in the iron ore is converted to magnetite 
FeO wustite Fe0 and reduced iron Fe and eventually 
becomes iron carbide FeC through reactions expressed by 
equations (3) to (6) below, in which (s) and (g) represent 
solid and gaseous phases, respectively: 

(3) 

(4) 

(5) 

(6) 

In certain conditions, FeC and FeCare also produced 
in addition to FeC. Iron carbide is the generic name for 
various iron-carbon compounds expressed by FeC (x/y=2 
to 3). Each of the above reactions comprises a plurality of 
elementary reactions. For example, the reactions of equation 
pair (6) are believed to include CO-related elementary 
reactions as expressed by equations (7) and (8) below: 

(7) 

(8) 

Free carbon precipitates as a result of a side reaction 
expressed by equation (9) below: 

C(ad)+Fe=C(graphite) 

In equations (7) to (9), (ad), (graphite), OFe and OFE 
represent adsorption to the surface of metallic iron, free 
carbon (soot), secondary adsorption sites for carbon atoms 
and those for sulfide ion species on the surface of metallic 
iron, respectively. Since the diameter of a carbon atom is 
much smaller than that of a sulfide ion, there are more than 
twice as many secondary adsorption sites OFe for carbon 
atoms as secondary adsorption sites OFe for sulfide ions. It 
is therefore apparent that there still remain a considerable 
number of adsorption sites OFe even after sulfide ions have 
been completely adsorbed to the surface of iron. 

Iron ore and coal which is a raw material adapted for 
producing a reducing gas both contain sulfur compounds in 
the form of iron sulfides or organic compounds. It is known 
that a part of these sulfur compounds pass into a gaseous 
phase in the form of hydrogen sulfide HS if the reducing 
gas contains hydrogen. Recent studies have revealed that 

(9) 
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4 
hydrogen sulfide has considerable effects on the character 
istics of metallic iron produced by a reducing process. These 
effects of hydrogen sulfide are affected by partial pressures 
and temperature of the reducing gas. Having studied the 
reaction process, it has been found that the influence of 
partial pressures and temperature can be generally under 
stood as the function of the activity as of sulfur contained in 
the reducing gas, where the sulfur activity as is expressed by 
equation (1) below: 

As already mentioned, (P(HS)/P(H)) in equation (1) 
represents the ratio between the partial pressures of HS and 
H. in the reducing gas and (P(HS)/P(H))s is the ratio 
between the partial pressures of HS and H in a condition 
where the reaction of equation (2) below is in equilibrium: 

FeS(s)-H(g)=Fe(s)+HS(g) (2) 

Table 1 shows values of (PCHS)/P(H)s in volume ppm 
calculated from standard free energy changes in the reaction 
of equation (2) for a temperature range of 500 C. to 1000 
C. It is understood from Table 1 that the higher the reaction 
temperature, the larger the value of (P(HS)/P(H))E. 

TABLE 1. 

Temperature (C.) 500 600 700 800 900 1000 

(PCHS)P(H,) 105 36O 940 2100 3900 5830 
(volume ppm) 

It is widely known that sulfur existing in a high 
temperature reducing atmosphere is completely adsorbed on 
the surface of iron in accordance with equation (10) even 
where the activitya of sulfur contained in the reducing gas 
is as low as 0.1 because sulfur is an extremely surface-active 
element. 

H-SCs)+OFe=S(ad)-H(g) (10) 

This means that if there exist a certain amount of hydro 
gen sulfide HS, sulfur fills the majority of adsorption sites 
OFeleaving few unfilled adsorption sites OFe. As a result, 
rapid precipitation of free carbon caused by the forward 
reaction of equation (9) is suppressed. In the forward reac 
tions of equations (7) and (8), iron carbide is continuously 
produced, but precipitation of free carbon (CCyraphite)) is 
suppressed since there exist a sufficient number of carbon 
atom adsorption sites OFe. 

Furthermore, in a condition where chemical adsorption of 
sulfur to the surface of reduced iron occurs, iron produced 
through the reduction of iron oxide has a porous structure. 
This porosity increases the specific surface area of the 
reduced iron, serving to accelerate the forward reactions of 
equations (7) and (8). Described above is how hydrogen 
sulfide HS accelerates the production of iron carbide. 

Next, the invention will now be described infurther detail 
with reference to results of experiments carried out by using 
five types of iron ore. They each are in the form of particles 
of 0.5 mm or less in diameter and their chemical composi 
tion (mass %) is shown in Table 2. 
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TABLE 2 

Iron ore Fe Fe0 SiO, Al-O CaO. S 

A 68.23 O42 (0.89 O43 OO OOO3 
B 62.38 00, 44 2.63 OO4 0.009 
C 68.10 O,3 094 OS OO4 OOO2 
D 69.3 0.4 0.47 O76 OO, O,OO1 
E 5.2O O.13 5.68 2.77 0.10 0.024 

First, an experiment was carried out by using boats. In 
carrying out the experiment, a boat loaded with a specified 
amount of iron ore A was inserted into a horizontal reactor 
tube measuring 22 mm in inside diameter. 

Iron ore A was reduced and carburized by reacting it under 
atmospheric pressure and at temperatures between 550° C. 
and 1000° C. with specified mixtures of H and CH gases 
as well as those H and CO gases. For comparative testing, 
these gases were blown into the reactor tube at different 
ratios. 

Specifically, the CH-H mixtures were made by supply 
ing (1) either of H, and CH4 at 200 cm/minute, (2) H at 
200 cm/minute and CH at 100 cm/minute, and (3) H at 
200 cm/minute and CH, at 50 cm/minute. The CO H. 
mixtures were made by supplying (1) either of H and CO 
at 200 cm/minute, and (2) H at 200 cm/minute and CO at 
50 cm/minute. The sulfur activity as in each type of 
reducing gas was adjusted by adding 2 vol% HS-98 vol% 
He gas mixture into the input gases. An X-ray diffraction 
analysis proved the existence of iron carbide (mainly FeC), 
free carbon C, metallic iron Fe and wustite Fe0. 
To evaluate yields of individual reaction processes, den 

sities (mass %) of these substances were calculated from 
measured diffraction intensities, in which 100mass % equals 
to the total amount of the four substances. Here, the yield of 
iron carbide Fe-C is defined as "the ratio of the mass of 
iron converted to iron carbide to the total mass of iron 
contained in a product expressed by mass percent." A 
product containing large amounts of metallic iron and free 
carbon is difficult to handle as it is apt to produce dust or 
ignite. Also, a product having a low reducing rate requires 
excessive energy for reduction. For quantitative assessment 
of the reaction processes, we defined the following two 
conditions: 

(a) “Preferable condition'- - - This is a condition which 
provides a maximum iron carbide yield between 50 and 80 
mass % and the density of free carbon is 15 mass % or less 
when the maximum iron carbide yield is achieved, (Such 
conditions are shown by open triangles "A" in FIGS. 1 and 
2.) 

(b) "Optimum condition” --- This is a condition which 
provides a maximum iron carbide yield of 80mass % or over 
and the density of free carbon is 15 mass % or less when the 
maximum iron carbide yield is achieved. (Such conditions 
are shown by open circles "O" in FIGS. 1 and 2.) 
Now, the experimental results are described in detail. 

FIGS. 1 and 2 are diagrams showing the grading of maxi 
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6 
mum iron carbide yields (mass %) and free carbon densities 
(mass %) obtained when specimens of iron ore A were 
reacted with different CH-H-HS mixtures and CO-H- 
HS mixtures, respectively, for one hour at different tem 
peratures and sulfur activities. Atreaction temperatures over 
650° C. and up to 950 C., the maximum iron carbide yield 
remained under 50 mass % when a<0.05 regardless of the 
mixed gas composition (as shown by "x" and "X" in FIGS. 
1 and 2). Although products shown by "A" and "O" were 
obtained when a>1.0, these products were considered unde 
sirable because they included a noxious iron sulfide. At 
1000° C., the iron carbide yield did not exceed 40 mass % 
which corresponds to the saturated carbon density of the 
austenitc phase (Y iron) which is stable in the above tem 
perature range. 
At reaction temperatures between 550° C. and 650° C., it 

was required to increase the activity as of sulfur contained 
in reducing gases than at reaction temperatures over 700° C. 
in order to suppress carbon precipitation. This was because 
carbon could easily precipitate even under a low partial 
pressure of CO as suggested by the theory of equilibrium. 
The iron carbide yield exceeded 50 mass % when ag10 at 
550° C. and above but less than 650° C. and when a C0.7 at 
650° C. However, the free carbon density exceeded 15 mass 
% (as shown by "O" and "A" in FIGS. 1 and 2) and 
extraordinary degradation and swelling (10 to 50 times in 
volume) were observed in either case. When a>2.0, harmful 
sulfur content in products exceeded 0.2 mass %. At reaction 
temperatures below 550° C., it required 10 hours to achieve 
maximum iron carbide yield, and this was unacceptable. 

Referring to FIGS. 1 and 2, products marked by "O" and 
"A" were obtained in areas enclosed by dot-and-dash lines. 
It can be recognized from FIGS. 1 and 2 that a desirable 
range of sulfur activity is 10sas.2.0 at 550° C. and above 
but less than 650 C., 0.7sas.2.0 at 650° C., and 
0.05sas 1.0 at over 650° C. and up to 950° C. These 
conditions provided products with low sulfur contents of 0.2 
mass % or less. Particularly at reaction temperatures over 
650 C, the product quality was remarkably excellent with 
a sulfur content of 0.03 mass % or less. It has therefore been 
found that reaction temperatures over 650 C. and up to 950 
C. and a sulfur activity range of 0.05sas 1.0 provide most 
desirable conditions. 

Next, iron carbides were produced by using 1.4 tons each 
of iron ores B to E shown in Table 2. Each iron ore screened 
into particles of 0.5 mm or less in diameter was fed into a 
vertical batch fluidized bed furnace measuring 2.0 m in 
inside diameter, and a reducing gas was blown through the 
furnace at a flow velocity of 1 m/sec. under atmospheric 
pressure. 

Table 3 shows conditions of production manners of the 
inventive method and those of production manner of the 
conventional method. Table 4 shows results of individual 
production manners. Mass percentages of individual sub 
stances in each product were determined by the X-ray 
diffractometry. 

TABLE 3 

Composition of input gas mixture 
Reaction (vol%) Reaction 

Run Iron tempera- HSH time 
No. e ture (C) H CO CH CO. N. ppm (h) 

F-7 B 550 67 33 O O. O. 420 2.1 25 
F-1 B OO 50 O 50 0 0 420 1.2 3.0 
F-12 E. 650 6. 33 O O. O. 420 O7 15 
F-2 D 6SO 6 O 33 O. O. 420 0.71 2.5 
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TABLE 3-continued 

Composition of input gas mixture 
Reaction (vol%) Reaction 

Run Iron tempera- HSH time 
No. re ture (C) H CO CH, CO, N, ppm (h) 

F3 B OO SO SO. O. O. O. 420 0.45 15 
F-20 B TOO SO O SO O O 420 0.45 20 
F-18 B 700 50 25 2O s O 420 0.45 20 
F.30 B 750 SO SO. O. O. O. 10 0.075 1. 
FS C 750 SO SO. O. O. O. 420 0.30 15 
F-27 E 7SO SO SO. O. O. O. 110 OOTS 15 
F-15 E 800 50 50 O O O 420 OO 10 
F-26 D 800 SO 50 o O O 110 OOSO 10 
Conventional 600 60 5 2.5 S 5 2 OOSS 16 

method 

or coal, iron ore having a high sulfur content and iron 
TABLE 4 20 containing dust if it is necessary to increase the sulfur 

activity. On the contrary, the sulfur activity in the reducing 
Composition of product gas can be decreased by adding a desulfurizing agent such 
- (mass- as CaO.CaCO3, Ca(OH), dolomite or fluorite, for instance. 

Run Iron Iron carbide Free carbon Sulfur As shown in Tables 3 and 4, it was possible to convert 
No. ce yield content conn. more than 87 mass % of the whole iron content of each iron 

ore into iron carbide within 1.0 to 3.0 hours in the inventive 
F-7 B : 5 0.44 method while the conventional method required 16 hours to 

3. 3: achieve the same level of iron carbide yield. Furthermore, 
F-2 D 9s 10 0.34 the inventive method provided high-quality iron carbide 
F-3 B 93 4. 0.09S products with free carbon contents of 15 mass % or less. 
F-20 B 90 s OO95 Since the conventional method utilized a gas containing 
F-18 B . 3 0.095 twice as a larger amount of hydrogen gas as hydrocarbon 

: 8. gas, it was not possible to suppress the iron carbide decom 
F-27 E. 100 O oos posing reaction caused by hydrogen gas during production 
F-15 E. 96 7 OOTS and by the adsorption of hydrogen after production. In the 
F-26 D s 9 OOO 35 inventive method, however, decomposition of iron carbide 
Civil 85 12 OOO6 was effectively suppressed by the adsorption of sulfur to the 

Note: Figures denoted by asterisks () show total mass percentages of Fe C, 
FeC and FeC. 

The value of P(HS)/POH) in each production manners 
was determined by analyzing exhaust gases and the sulfur 
activitya in each reducing gas was calculated from equation 
(1) using this value and reaction temperature. The sulfur 
activity as was then adjusted by adding limestone or H2S to 
each input gas in accordance with the calculated value of 
Sulfur activity as. 
With run No. F-15, for instance, 6 kg of limestone was 

added for each 1000m of reducing gas when at-1.5(PCHS) 
fP(H,)=3.2x10). On the contrary, 0.19 m of HS was 
added for each 1000 m of reducing gas when as O.020(P 
(HS)/P(H,)=42x10). As a result of this adjustment, 
a=0.20(POHS)/P(H=4.2x10) was obtained in each case. 

In practice, the above adjustment of sulfur activity can be 
made in different ways. If raw iron ore has a sufficiently low 
density of sulfur, the sulfur activity in the reducing gas may 
be adjusted based on partial pressures of HS and H 
contained in the input gas. If the sulfur activity in the 
reducing gas is lower than a specified value, it can be 
increased by adding at leastone of the following substances: 
thiol (-SH), sulfide (-S-), disulfide (-S-), thiophen 
(-CSH) or thiocyanogen (-CSN) contained in petroleum 
or coal, CS, HS, (NH)2S or any other sulfur compound 
which produces HS in an atmosphere containing hydrogen, 
or HS. 

Generally speaking, it is desirable to add materials con 
taining these substances, e.g., heavy oil or coal before 
desulfurization, gases obtained by cracking such heavy oil 
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surface of iron carbide or by iron sulfide. Yet, residual sulfur 
contents of the resultant iron carbide products did not exceed 
0.26 mass %. 

Particularly at reaction temperatures of 700° C. and 
above, the iron carbide yield exceeded 87 mass % within 
two hours, resulting in an 8 times or higher increase in 
productivity compared to the conventional method. 
Moreover, the sulfur contentin each product never exceeded 
0.1 mass % at those temperatures. The above-described test 
results have proved that the inventive method works satis 
factorily regardless of iron ore types and gas composition 
(CO, CH, CO and H). Further testing has proved that the 
inventive method is also effective for use in other types of 
reaction furnaces including a shaft furnace and a fixed bed 
furnace. When applied to a circulating fluidized bed 
operation, the inventive method further improved the pro 
ductivity by 50%. 

Further, it will be seen that in the inventive method, iron 
carbide or a small amount of free carbon helped maintain 
fluidization on the bed even when a-0.05, that is, a condi 
tion where the sticking phenomenon was very likely to 
occur. This assures stable operation. 
What is claimed is: 
1. A method for producing iron carbide comprising: 
bringing iron ore into contact with a reducing gas con 

taining hydrogen, hydrogen sulfide and a carbon com 
pound at a specified reaction temperature to reduce and 
carburize the iron ore and produce iron carbide; 
wherein 

the sulfur activity a? of sulfur contained in the reducing 
gas is controlled in accordance with a reaction tem 
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perature to cause iron carbide to adsorb sulfur on a 
surface of the iron carbide by: 

measuring a partial pressure P(H) of hydrogen and a 
partial pressure P(HS) of hydrogen sulfide contained 
in the reducing gas; 

calculating Sulfur activity as in the reducing gas from 
equation (1), 

where (P (HS)/P(H)) represents the ratio between the 
partial pressures of HS and H in the reducing gas and (P 
(H2S)/P (H2) is the ratio between the partial pressures of 
H2S and H2 in a condition where the reaction of equation (2) 
below is in equilibrium, 

10 
(2) 

FeS and Fe being derived from the iron ore, where (s) and 
5 

and 
(g) represent solid and gaseous phases, respectively, 

adjusting the partial pressure PCHS) of the hydrogen 
sulfide in the reducing gas. 

2. Amethod for producing iron carbide as defined in claim 
1o 1, wherein the sulfur activity a is set at: 

1.0 to 2.0 at reaction temperatures of 550° C. and above 
but less than 650° C.; 

0.7 to 2.0 at 650° C.; 
0.05 to 1.0 at over 650° C. and up to 950° C. 

s: : 


